Typical adolescent behaviour such as increased risk-taking and novelty-seeking is probably related to developmental changes in the brain reward system. This functional MRI study investigated how brain activation related to two components of reward processing (Reward Anticipation and Reward Outcome) changes with age in a sample of 39 children, adolescents and young adults aged 10-25. Our data revealed age-related changes in brain activity during both components of reward processing. Activation related to Reward Anticipation increased with age, while activation related to Reward Outcome decreased in various regions of the reward network. This shift from outcome to anticipation was confirmed by subsequent analyses showing positive correlations between age and the difference in activation between Reward Anticipation and Reward Outcome. The shift was predominantly present in striatal regions and was accompanied by a significant effect of age on behaviour, with older participants showing more response speeding on potentially rewarding trials than younger participants. This study provides evidence for functional changes in the reward system which may underlie typical adolescent behaviour.
Introduction
Increased risk-taking and novelty-seeking are characteristics of adolescent behaviour (Casey et al., 2008a; Crone and Dahl, 2012; Ernst and Mueller, 2008; Spear, 2000; Steinberg, 2007) . It has been suggested that these tendencies may be adaptive because they trigger adolescents to explore the world and become independent individuals (Crone and Dahl, 2012; Strang et al., 2013) , but they could also lead to a substantial increase in morbidity related to dangerous behaviour (Casey et al., 2010a; Casey and Caudle, 2013) and an enhanced vulnerability for addiction (Gladwin et al., 2011; Schneider et al., 2012) . The brain reward system is an important contributor to motivated behaviour and changes in the functioning of this circuit during adolescence are thought to underlie this typical adolescent behaviour. In fact, it has been suggested that the dopaminergic reward network, in particular the ventral striatum, is overactive in adolescents, making them hypersensitive to reward and leading to a greater motivational drive for novel, risky experiences (Chambers et al., 2003) .
Indeed, increased ventral striatum activation is reported in adolescents in response to the actual receipt of reward (Ernst et al., 2005; Galvan et al., 2006; Van Leijenhorst et al., 2010a,b) , during an unexpected positive outcome (Cohen et al., 2010) and during rewarded trials in an incentive motivated antisaccade task (Padmanabhan et al., 2011) . Other studies, however, have shown decreased ventral striatum activation during the anticipation of reward (Bjork et al., 2010 (Bjork et al., , 2004 and the assessment of a reward cue in adolescents relative to adults.
These results indicate that the adolescent reward system is not simply hyper-or hypoactive compared to that of adults. Indeed, functional differences between the adult and adolescent reward system may depend on the component of reward processing that is considered (Bjork et al., 2010; Cohen et al., 2010; Geier and Luna, 2009; Geier et al., 2010; Van Leijenhorst et al., 2010b) : the anticipation of a potential reward or the actual outcome, i.e. the receipt or omission of a reward (Knutson et al., 2001b) .
Earlier studies in primates (Schultz et al., 2000) and humans (Knutson et al., 2001b) have shown that these different components of reward processing elicit dissociable brain responses in the reward system (see Haber and Knutson, 2010 , for a review). In line with these results, previous work has suggested that the adolescent reward system may be characterized by different developmental trajectories for these two components of reward processing (Bjork et al., 2010; Geier and Luna, 2009; Geier et al., 2010) . In fact, the hypothesis has been put forward that adolescents have an enhanced reactivity to the receipt of reward while displaying a decreased sensitivity to the anticipatorycues predicting reward (for reviews see Galván, 2010a; Spear, 2011) .
However, direct evidence for this hypothesis is lacking: there are, to the best of our knowledge, no studies demonstrating age-related activation differences during both components of reward processing (i.e. during the anticipation and the actual outcome of reward). Moreover, combining the results of the available studies to substantiate the hypothesis is complicated because these studies used different tasks and included different age groups.
Here, we investigated age-related changes in rewardrelated brain activity in a sample of children, adolescents and adults aged 10-25 during anticipation and outcome of reward. We applied a modified version of the Monetary Incentive Delay task (Knutson et al., 2001a) which was optimized to analyse changes in brain activity related to the anticipation and outcome of reward separately (Figee et al., 2011; Van Hell et al., 2010) . In addition, we used age as a continuous variable, in order to avoid confounds related to defining age groups and enabling us to investigate both linear and non-linear effects of age (Casey, 2013) . Activation changes were investigated in six predefined anatomical Regions of Interest (ROIs) which are all involved in the processing of reward (Knutson et al., 2001b) : the bilateral ventral striatum, dorsal caudate, putamen, insula, cingulate cortex, and orbitofrontal cortex.
Materials and methods

Participants
Forty-two right-handed healthy volunteers aged 10-25 years (mean age 16.7 y, SD 4.8 y; 22 males) participated in the study. The study was approved by the Medical Ethics Committee of the University Medical Center Utrecht and all participants (and their parents in the case of minors) gave written informed consent. Data from three participants (1 male aged 14.9 y; 2 females aged 13.8 y and 23.8 y) were excluded from the analyses because they were outliers, with performance more than two standard deviations away from the group mean. This resulted in a sample of 39 participants.
Subjects received monetary compensation for participation: a fixed amount for participation and a flexible additional amount based on performance in the Reward Task.
Before scanning, participants who were scanner-naïve (except two adult participants, 1 male age 22.4 y, 1 female age 18.2 y) were familiarized with the scanning-procedure using a mock scanner in order to reduce scanner-related anxiety (Galván, 2010b) .
Reward Task
Participants performed a Reward Task (Fig. 1 ) based on the Monetary Incentive Delay task (Knutson et al., 2001a) . Trials were potentially rewarding (30 trials) or neutral (30 trials), as indicated by a cue at the start of the trial. Following this cue and a fixation star, the target was presented. Participants were instructed to respond as fast as possible to this target by pressing a button, irrespective of cue type. Subsequent feedback notified participants of their performance, indicating if they had earned money, as well as their cumulative total at that moment. We told participants that they would receive the cumulative total amount of reward of the actual experiment in addition to the standard compensation for participation.
Target duration was individually adjusted to ensure that each participant could succeed in 50% of the trials. This adjustment was based on twenty practice trials, presented prior to the start of the experiment. From these practice data, the shortest reaction time to the target was used to determine the individual time limit for responses to the target. In 50% of the trials, the target was presented for the duration of the individual time limit plus 200 ms, enabling participants to be successful in these trials. In the other trials, the time limit was decreased with 150 ms, to make sure that participants could not respond in time.
The task was designed in such a way that maximum statistical power concerning the fMRI analyses could be reached in a relatively short time period: only one level of reward was used and no loss trials were included. Collinearity between the factors coding for anticipation (i.e. time between presentation of the cue and presentation of the target) and feedback was minimized by varying the duration of the anticipation time randomly (mean duration 3286 ms, range 779-6729 ms) and the inter-trial interval (mean duration 3535 ms, range 1029-6979 ms). This way, the blood-oxygen level-dependent (BOLD) signal in response to Reward Anticipation could be modelled independently from that to Reward Outcome (Figee et al., 2011; Van Hell et al., 2010) . The actual task consisted of 60 trials with a mean duration of 9571 ms (range 4946-16107 ms), resulting in a total task duration of 9 min 35 s. (Knutson et al., 2001a) . Trials were potentially rewarding or neutral, as indicated by a cue at the start of the trial. Participants were instructed to respond as fast as possible to the target by pressing a button, irrespective of cue type. Subsequent feedback notified participants of their performance and indicated if they had earned money, as well as their cumulative total at that moment. Target duration was individually adjusted to ensure that each participant could succeed in 50% of the trials.
Image acquisition
The experiment was performed on a 3.0 T Philips Achieva MRI scanner (Philips Medical Systems, Best, the Netherlands) at the University Medical Center Utrecht. Images were acquired using an eight-channel sensitivity-encoding (SENSE) parallel-imaging head coil. Whole-brain T2*-weighted echo planar images (EPI) with BOLD contrast, oriented in a transverse plane tilted 20 • over the left-right axis, were acquired in a single run (372 volumes; 30 slices per volume; interleaved acquisition; repetition time, 1600 ms; echo time, 23 ms; field of view: 208 mm × 120 mm × 256 mm; flip angle = 72.5 • ; 64 × 64 matrix; 4 mm × 4 mm in-plane resolution; 4 mm slice thickness; SENSE-factor, 2.4 (anterior-posterior)). A whole-brain three-dimensional fast field echo T1-weighted scan (185 slices; repetition time = 8.4 ms; echo time = 3.8 ms; flip angle = 8 • ; field of view, 252 mm × 288 mm × 185 mm; voxel size: 1 mm isotropic) was obtained for within-subject registration purposes.
Data analysis
Behavioural data
The relationship between age and behaviour (accuracy of potentially rewarding trials, mean reaction times and the difference in reaction time between the trial types) was investigated using Pearson correlation analyses.
Pre-processing and individual subject analysis
Image data were pre-processed and analyzed using SPM5 software (http://www.fil.ion.ucl.ac.uk/spm/ software/spm5/). After realignment of the functional scans, the anatomical image was co-registered to the mean functional image. This image was segmented and normalization parameters were estimated. Using these parameters, the functional and anatomical images were matched to the Montreal Neurological Institute (MNI) T1-template brain. Functional images were spatially smoothed using an 8-mm full-width at half-maximum Gaussian kernel. Each participant's translation and rotation corrections were examined to ensure there was no excessive head motion (>2 mm in any direction between subsequent scans) (Van Dijk et al., 2012) . The pre-processed time-series data for each individual were analyzed using a general linear model (GLM) regression analysis. The regression model consisted of six factors, representing haemodynamic changes which were event-related to (1) anticipation during and after the presentation of the reward cue (Anticipation Reward), (2) anticipation during and after the neutral cue (Anticipation Neutral), (3) feedback reflecting monetary reward (Feedback Reward), (4) feedback reflecting missed reward (Feedback Missed Reward), (5) feedback reflecting a correct response in a neutral trial (Feedback Correct Neutral) and (6) feedback reflecting an incorrect response in a neutral trial (Feedback Incorrect Neutral) (Fig. 1 ). The onset of the factors modelling anticipation (duration range 1529-7479 ms) was at the presentation of the cue, while the onset of the factors modelling feedback (duration: 2000 ms) was at the presentation of the target, including the button press to the target and the subsequent feedback ( Fig. 1 ). To take residual head motion effects into account, motion parameters from the realignment procedure were included as regressors of no interest. Low frequency drifts were removed from the signal by applying a high-pass filter with a cut-off frequency of 1/204 Hz.
For each participant, statistical maps were generated for the contrasts (1) Anticipation Reward versus Anticipation Neutral (hereafter referred to as Reward Anticipation) and (2) Feedback Reward versus Feedback Correct Neutral (Reward Outcome). We used this Reward Outcome contrast instead of the more commonly applied Reward Hit contrast (defined as Feedback Reward versus Feedback Missed Reward; see for example Knutson et al., 2001b Knutson et al., , 2003 to investigate activity during the outcome phase of the Reward Task because we wanted to investigate age-related changes in brain activation related to the retrieval of reward independent from performance.
Whole-brain analyses
The individual statistical maps were used to perform whole-brain group-analyses investigating the relation between age and brain activation. These maps were tested for significance at a family-wise error (FWE) corrected cluster level of p = 0.05 (cluster-defining threshold of p = 0.001, cluster size of 40 voxels). These parameters were determined using SPM and a script (CorrClusTh.m, to be found on http://www2.warwick.ac.uk/fac/sci/statistics/staff/ academic-research/nichols/scripts/spm), which uses estimated smoothness (estimated full width at half maximum (FWHM): 3.56 × 3.65 × 3.46 voxels) and random field theory to find these corrected thresholds. 
Regions of interest analyses
A Region of Interest (ROI) analysis was applied to investigate the relation between age and brain activation levels. Six bilateral anatomical ROIs were a priori selected, based on their known involvement in the anticipation and outcome of reward (Knutson et al., 2001b) : the ventral striatum, dorsal caudate, putamen, insula, cingulate cortex and orbitofrontal cortex (Fig. 2 ). ROIs were based on definitions of the Anatomic Automatic Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) and created using the WFU PickAtlas Toolbox implemented in SPM5. The dorsal caudate and ventral striatum were defined as those parts of the caudate nucleus above and below the z-coordinate of 0 mm, respectively. The orbitofrontal ROI consisted of the orbital part of both the middle and superior frontal gyrus; the cingulate cortex ROI was composed of the anterior and medial cingulate cortex. The other ROIs were identical to the anatomical regions of the AAL atlas.
For each participant, the mean activation level (expressed as percent signal change) during the two contrasts of interest (Reward Anticipation and Reward Outcome) was calculated over all voxels in each ROI. Regression analyses were then performed for each ROI separately with activation level as dependent variable and age as predictor. Since the relation between age and activation is not necessarily a linear one, we looked for both linear and quadratic relations between activation and age. While linear relations indicate increases or decreases in activation during the transition from childhood to adulthood, quadratic relations represent increases or decreases in activation levels which are specific for adolescents (Casey, 2013; Cohen et al., 2010) .
Results
Behavioural data
Means and standard deviations for accuracy and reaction times are provided in Table 1 . Accuracy in potentially rewarding trials did not show a significant correlation with age, indicating that the manipulation to ensure equal performance across subjects was successful. Overall, subjects responded faster on potentially rewarding trials than on neutral trials (t(38) = −3.2, p = 0.003). This effect was correlated with age: older subjects showed more response speeding than younger subjects ( Fig. 3 ; r = −0.36, p = 0.03).
Whole-brain analyses
The main effects of task were in line with those reported in earlier work. Activation during Reward Anticipation (contrast Anticipation Reward versus Anticipation Neutral) was found in the ventral striatum, putamen, thalamus, anterior cingulate cortex, mid-cingulate cortex, insula and several frontal, temporal and parietal areas (Bjork et al., 2010 (Bjork et al., , 2004 Carter et al., 2009; Dillon et al., 2008; Ernst et al., 2004; Figee et al., 2011; Galvan et al., 2005; Hermans et al., 2010; Hommer et al., 2003; Knutson et al., 2001a,b; Knutson et al., 2003; Ossewaarde et al., 2011; Van Hell et al., 2010) . Reward Outcome activity (contrast Feedback Reward versus Feedback Correct Neutral) was mainly found in the orbitofrontal cortex, caudate, posterior cingulate gyrus and bilateral parahippocampal gyri.
During Reward Anticipation, age showed a positive relation with activation in the dorsal caudate, supplementary motor area (SMA), bilateral primary motor cortex, parietal cortex and the precuneus (Table 2 ; Fig. 4 ). These regions are closely interconnected and, given their role in motor preparation and visuospatial attention (Cavanna and Trimble, 2006; Vink et al., 2005) , parallel the behavioural observation that older subjects showed more response speeding than younger subjects during potentially rewarding versus neutral trials. During Reward Outcome, there was no activation significantly related with age. 
Regions of interest analyses
During Reward Anticipation, age showed a positive linear relation with activation in all regions of interest, indicating an increase in activation with increasing age (Table 3 ; Fig. 5A ). In contrast, during Reward Outcome, activation levels decreased linearly with age in the right putamen, bilateral ventral striatum, right dorsal caudate, left putamen and left orbitofrontal cortex (Table 3 ; Fig. 5B ). Thus, young subjects activated the reward regions mostly during Reward Outcome, while older subjects activated these regions predominantly during Reward Anticipation. A quadratic model did not provide a significantly better description of the relation between age and brain activation than a linear model (p > 0.3 in all ROIs).
Taken together, these data suggest that there is a shift in the reward network during development from childhood to adulthood: from activation being driven by Reward Outcome towards activation being driven by Reward Anticipation.
We formally tested this shift by calculating for each participant and in each ROI the difference-score between the level of activation during Reward Anticipation and Reward Outcome (Activity Reward Anticipation > Activity Reward Outcome ). Subsequently, we investigated whether these difference-scores showed a relation with age. Results showed a positive correlation between the differencescore and age in the bilateral ventral striatum, bilateral dorsal caudate, bilateral putamen, bilateral orbitofrontal cortex, bilateral cingulate cortex and right insula (Table 4) . These significant positive correlations indicate a relative shift in reward-related activation from Reward Outcome to Reward Anticipation with age in participants from 10 to 25 years. To exclude the possibility that this shift represents an inherent relation between the height of activation during Reward Anticipation and Reward Outcome, we investigated this relation in a subgroup of participants with a restricted age-range to exclude the effect of age (N = 10, mean age (SD) 23.1 (1.0) y, 5 males). This analysis did not yield any significant associations in any ROI (Supplementary Table 1 ).
Supplementary material related to this article can be found, in the online version, at http://dx.doi.org/10.1016/ j.dcn.2013.08.004.
Discussion
Here, we investigated how brain activation related to the anticipation and receipt of reward changes with age in a sample of 39 children, adolescents and young adults aged 10-25.Our results showed, for the first time, oppositedirected age-related changes in brain activity during both the anticipation and receipt of reward: brain activation during the anticipation of reward (Reward Anticipation) increased with age, while activation during the actual receipt of reward (Reward Outcome) decreased with age in several regions of interest (Table 3 ; Fig. 5 ). Thereby, our findings provide direct evidence for the hypothesis that the adolescent reward system is characterized by different developmental trajectories for these two components of reward processing. The increase in Reward Anticipationrelated activity was accompanied by an age-related change in task performance: older subjects showed more response speeding than younger subjects in potentially rewarding Fig. 3 ). Whole-brain analyses showed that age correlated positively with activation related to Reward Anticipation in a broad network of areas involved in motor preparation and visuospatial attention (Table 2 ; Fig. 4 ), supporting this behavioural finding.
The opposite-directed age-related changes during the two components of reward processing suggest the presence of a shift in activity with age: from Reward Outcome to Reward Anticipation. Indeed, we found this shift from Reward Outcome to Reward Anticipation with age to be present in striatal regions (i.e. the bilateral ventral striatum, bilateral putamen and bilateral dorsal caudate), as well as in the bilateral orbitofrontal cortex, right insula, and bilateral cingulate cortex (Table 4) . These results indicate that the relative height of activation shifts from Reward Outcome to Reward Anticipation during the development from childhood to adulthood.
Our finding that brain activation during Reward Anticipation (contrast Anticipation Reward versus Anticipation Neutral) increased with age, while activation in response to Reward Outcome (contrast Feedback Reward versus Feedback Correct Neutral) decreased with age is in line with previous literature. Several studies reported reduced recruitment of reward-related regions in adolescents during anticipating responding for a reward (Bjork et al., 2010 (Bjork et al., , 2004 and during the presentation of an incentive cue , with significant lower activation levels in the right ventral striatum (Bjork et al., 2010 (Bjork et al., , 2004 Geier et al., 2010) , the right amygdala and right insula (Bjork et al., 2004) . Other studies showed increased activity in the ventral striatum in adolescents compared to adults in response to the notification of reward (Ernst et al., 2005; Galvan et al., 2006; Padmanabhan et al., 2011; Van Leijenhorst et al., 2010b) , during the notification of gain in a gambling task (Van Leijenhorst et al., 2010a) and during an unexpected positive outcome, also known as a positive prediction error (Cohen et al., 2010) . Here, we replicate these findings and extend them by showing for the first time both opposite-directed age-related changes in reward-related brain activity in the same group of participants.
It should be noted that our finding of enhanced adolescent brain activation during Reward Outcome is inconsistent with the results of (Bjork et al., 2010) , who also employed a modified Monetary Incentive Delay (MID)-task to investigate brain activation in adolescents and adults during the anticipation and outcome phase of reward processing. This study reported no group-differences in activation levels in the ventral striatum related to reward deliveries (Bjork et al., 2010) . We speculate that differences in the design of the task have possibly contributed to these discrepant findings: the MID-task in (Bjork et al., 2010 ) had a parametric design involving multiple levels of reward and loss, while the Reward Task used here had only one level of reward in order to increase statistical power. In addition, the authors of (Bjork et al., 2010 ) compared pre-defined age groups of adolescents (age 12-17 y) and adults (age 22-42 y) whereas we used a more sensitive correlational approach to detect age-related effects in a sample of participants aged 10-25. These differences could have enabled us to detect a significant effect of age during the outcome component of reward processing.
Although we found a negative correlation between age and activation during Reward Outcome in the ROI analysis, there was no significant effect of age in the whole-brain analysis on this contrast. We hypothesize that this divergence relates to methodological differences between these analyses. That is, a strict statistical threshold was used in the whole-brain analysis: we applied a family-wise error (FWE) corrected cluster level of p = 0.05 (cluster-defining threshold of p = 0.001, with a cluster size of at least 40 voxels). This strict threshold could limit the ability to find very specific effects at the whole-brain level. In the ROIanalysis, on the other hand, we looked very specifically for effects of age in predefined brain areas. Because these areas were predefined, the use of a lower statistical threshold was allowed (Poldrack and Mumford, 2009; Poldrack, 2007) . As a result, this ROI analysis was more sensitive to detect specific, localized effects of age.
Our results are in line with the 'imbalance' or dual processing model of adolescent brain development proposed by Casey and colleagues (Casey et al., 2008b (Casey et al., , 2010b . This model emphasizes that the speed of maturation of the adolescent brain is different across regions, with subcortical limbic areas (e.g. the ventral striatum) developing earlier than prefrontal cortical regions (see also Casey et al., 2005; Durston and Casey, 2006) . This imbalance between the fast maturation of subcortical areas (involved in affective processing) and the relatively slow development of prefrontal areas (responsible for cognitive control over behaviour and planning) leads to an increase in impulsive, reward-seeking behaviour in adolescents.
Interestingly, we did not only observe subcortical hyperactivation, which would be predicted based on this model. Instead, we found both hyperactivation and hypoactivation of subcortical areas in adolescents related to the receipt of reward and the anticipation of reward, respectively. This is in line with earlier work showing component-specific activation differences between adolescents and adults (for example Bjork et al., 2010; Cohen et al., 2010; Geier et al., 2010) .
Our findings may be understood in terms of a failure in younger participants to link the meaning of an abstract cue to anticipatory behaviour relevant to the outcome of this cue. Learning stimulus-response mappings is related to the ventral striatum (Vink et al., 2013) . Moreover, establishing cue-outcome mappings requires the interplay of dopaminergic transmissions in both frontal and striatal regions (Shohamy, 2011) . However, the frontal cortex as well as certain parts of the dopaminergic circuits are not completely developed in early adolescence (Garske et al., 2013) . In addition, connections between the frontal cortex and the striatum are still maturing in younger participants, because the myelination of fibre tracts continues into the second decade of life (Klingberg et al., 1999) . Interestingly, increased structural connectivity between frontal, parietal and striatal regions with age has been linked to improvements in cognitive functioning, like working memory capacity (Nagy et al., 2004; Olesen et al., 2003) and cognitive control (Liston et al., 2006) ; for a review see Geier and Luna (2009) . In this light, we hypothesize that immaturities in frontal, parietal and striatal regions might possibly limit the ability of younger participants to couple the knowledge about the meaning of a cue to anticipatory brain activity and behaviour relevant to the outcome of this cue.
Indeed, we found that cues signalling a potential reward triggered the reward network and motor-and attentionrelated brain regions less in early adolescence than in adulthood (Table 2 ; Fig. 4) . Moreover, younger subjects did not show as much response speeding on potentially rewarding trials as older subjects did, adding to the idea that they did not anticipate the rewarding outcome due to a reduced cue-outcome mapping (Table 1) . Because of the potentially poor coupling between cue and outcome, and hence the relative absence of a prediction based on that cue, the response to actually obtaining a reward becomes elevated in adolescents (Fig. 5) . This is in line with the data of (Cohen et al., 2010) , showing increased striatal activity in adolescents related to a unexpected positive outcome during feedback of a probabilistic learning task. Interestingly, similar effects have been shown to occur during ageing, where elderly subjects show reduced activation during anticipation but heightened activation during receipt of reward (Schott et al., 2007) . Taken together, these results stress the point that the functioning of cortical and subcortical regions involved in reward processing in adolescents is influenced by the part of reward processing that is examined (Luna et al., 2013) .
It should be noted that the behavioural effect of age on behaviour reported here (more response speeding with age in rewarded versus neutral trials) differs from the results of Geier and colleagues, who showed that adolescents significant improved their performance in rewarded versus neutral trials while adults did not . We speculate that methodological dissimilarities between the studies could possibly account for these diverse results. In our task, participants were instructed to respond as soon as possible to a target by pressing a button, where participants in the study of Geier et al. (2010) were instructed to inhibit an eye saccade to a target. In addition, we used a correlational approach in participants aged 10-25, while Geier and colleagues compared predefined age groups (group of adolescents (13-17 y) versus a group of adults (18-30 y)). Finally, Geier et al. (2010) reported hit rate while we used reaction times to describe the behavioural effect. These dissimilarities in the tasks, the definition of the groups and the outcome measures could possibly explain the contrasting results.
The task used in this study was relatively basic and primarily designed to distinguish brain activity during Reward Anticipation from activity during Reward Outcome. Although the results of this study provide valuable insight in age-related changes in reward processing, there are some limitations. First, although the data presented here fit within the imbalance model as stated above, it should be noted that they do not provide a complete insight in the neural substrates of real-world adolescent behaviour. For example, adolescents show enhanced sensitivity to the influence of peers (for reviews see Albert et al., 2013; Casey et al., 2010a; Spear, 2000; Van Duijvenvoorde and Crone, 2013) and their behaviour and even brain activity has shown to be affected by the presence of peers (Chein et al., 2011) . Therefore, recent reviews have pointed to the importance of using an integrative approach when studying the neural correlates of adolescent behaviour, in which emotional as well as hormonal and social factors (like the influence of peers on risk-taking behaviour) are taken into account (Bjork et al., 2012; Crone and Dahl, 2012; Pfeifer and Allen, 2012) . However, the design of the present study did not enable us to consider these influences.
Furthermore, we did not obtain individual ratings of pubertal development, which are potentially predictive for changes in brain activity during adolescence. Recently, Forbes et al. (2010) investigated the neural response of healthy adolescents to reward and reported that the stage of pubertal maturation influenced the level of striatal activation as measured with fMRI. However, the adolescents with a less advanced pubertal maturation were significantly younger than the adolescents with more advanced pubertal maturation (Forbes et al., 2010) . This supports the idea that age and pubertal ratings are in general highly correlated, which is also described by Bjork et al. (2010) ; for a review see Blakemore et al. (2010) . Consequently, we believe that using ratings of pubertal maturation instead of age would not have changed the results of this study.
Although we ensured that none of the participants in this experiment had any psychiatric illness, we did not acquire scores indicating the presence of behavioural and psychosocial symptoms. Recently, Bjork and colleagues showed that individual differences in a score of psychosocial and behavioural problems correlated positively with activation in the ventral striatum during reward anticipation in healthy adolescents (Bjork et al., 2011) . This finding is interesting because it sheds more light on the relation between the functioning of the reward system during adolescence and the typical behaviour in this ageperiod. Including ratings of psychosocial and behavioural symptomatology could therefore be valuable for subsequent studies on this topic.
Conclusion
To conclude, this study is, to the best of our knowledge, the first to demonstrate opposite-directed age-related changes in brain activity during both the anticipation and receipt of reward. Activation levels during Reward Anticipation showed a positive relation with age, while activation levels during Reward Outcome decreased with age. Taken together, these findings indicated that activation shifts from being driven primarily by the receipt of reward to the anticipation of reward in participants aged 10-25. This developmental shift was accompanied by a significant effect of age on behaviour, with older subjects showing more response speeding than younger subjects when they anticipated a reward. These results provide insight in the functional changes in the brain reward circuitry during adolescence. This is important as developmental changes in this circuit may underlie typical adolescent behaviour. In addition, this reward network is implicated in various psychiatric illnesses which have their onset in early adolescence (Paus et al., 2008) . Investigating the normal development may therefore be informative for identifying developmental abnormalities in an early stage.
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